Clostridium perfringens-induced necrotic enteritis (NE) has reemerged as a prevalent chicken 2 disease worldwide due to reduced usage of prophylactic antibiotics. The lack of antimicrobial 3 alternative strategies to control NE is mainly due to limited insight into the disease pathogenesis.
The human and animal intestine harbors up to trillions of microbes and this intestinal 1 microbiota regulates various host functions such as the intestinal barrier, nutrition and immune 2 homeostasis (10-12). The enteric microbiota regulates granulocytosis and neonatal response to 3 Escherichia coli K1 and Klebsiella pneumoniae sepsis (13), suggesting the key role of the 4 microbiota in protecting the host against systemic infection. At the gut level, fecal transplantation 5 was reported decades ago to prevent Salmonella infantis chicken infection (14) . More recently, 6 microbiota transplantation has shown tremendous success against recurrent human Clostridium 7 difficile infection (15) and Clostridium scindens metabolizing secondary bile acids have been 8 shown to inhibit C. difficile infection (16) . Bile acids synthesized in the liver are released in the 9 intestine and metabolized by gut microbiota into final forms of secondary bile acids (17). Bile 10 acids, particularly the secondary bile acid DCA, are associated with a variety of human chronic 11 diseases, such as obesity, diabetes, and colorectal tumorigenesis (18, 19) . Recently, mouse 12 anaerobes and their metabolic product DCA has been found to prevent and treat Campylobacter 13 jejuni-induced intestinal inflammation in germ-free mice through attenuating host inflammatory 14 signaling pathways (20) . However, what is the role of bile acids in NE is unknown. 15 Coccidiosis is associated with strong immune response and intestinal inflammation in 16 chickens (21, 22) . C. perfringens produces various toxins (23) and induces hemolysis, epithelial 17 barrier dysfunction, tissue necrosis and severe inflammation in non-chicken models (24, 25) . integrity. Inducible COX-2 (Ptgs2) activity is associated with various inflammatory diseases 23 including inflammatory bowel disease (31) and radiation-induced small bowel injury (32) . COX-1 2 increases gut barrier permeability and bacterial translocation across the intestinal barrier (33, 2 34). Paradoxically, COX-2 enhances inflammation resolution through prostaglandin D2 (35). 3 Although non-selective COX inhibitor aspirin is used to prevent various chronic diseases, it inflicts 4 intestinal inflammation to the healthy intestine (36). However, the role of COX signaling on NE 5 remains elusive. 6 Currently, limited knowledge is available on the relationship between NE pathogenesis, 7 the microbiome, and host inflammatory response. Because DCA attenuates C. jejuni-induced 8 intestinal inflammation (20) and prevents in vitro growth of C. difficile (16), a same genus member 9 of C. perfringens, we hypothesized that the microbiota metabolic product DCA attenuated NE 10 through inhibiting intestinal inflammation. We found that DCA decreased NE-induced intestinal 11 inflammation, C. perfringens invasion, intestinal cell death, and body weight loss. Blocking the 12 inflammatory COX signaling pathways by aspirin reduced NE-induced intestinal inflammation.
13
These novel findings of microbiome DCA and COX inhibitor against NE offer new strategies to 14 prevent and treat C. perfringens-induced diseases.
15
Results 1 2 DCA prevents C. perfringens in vitro growth 3 Based on previous findings and current state of knowledge, we reasoned that DCA would 4 prevent C. perfringens growth. To test this hypothesis, in vitro inhibition experiments were 5 conducted, in which C. perfringens was inoculated in Tryptic Soy Broth (TSB) with sodium 6 thioglycollate under anaerobic condition. The TSB was also added with various concentrations of 7 bile acids, including conjugated primary bile acid taurocholic acid (TCA), primary bile acid cholic 8 acid (CA), and secondary bile acid DCA. The results showed that DCA inhibited C. perfringens 9 growth at 0.01 (-33.8%) and 0.05 mM (-82.8%, clear broth), respectively, compared to control, 10 while TCA (-16.4%) and CA (-8.2%) didn't prevent the bacterial growth (cloudy broth) even at 11 0.2 mM ( Figure 1A and B ). We then examined whether other secondary bile acids were also 12 bacteriostatic in TSB. Interestingly, C. perfringens growth inhibited by lithocholic acid (LCA; -13 22.6 and -23.8%) and ursodeoxycholic acid (UDCA; -10.0 and -25.3%) at 0.2 and 1 mM, 14 respectively ( Figure 1C and D) was far less effective compared to DCA. These results suggest that 15 the secondary bile acid DCA is more efficient to prevent C. perfringens in vitro growth compared 16 to other bile acids. 19 To further address whether DCA reduced coccidia E. maxima-and C. perfringens-induced 20 NE in birds, one-day-old broiler chicks were fed with 1.5 g/kg CA or DCA diets and body weight 21 (BW) gain were individually measured. To induce NE, the birds were infected with 20,000 22 sporulated oocysts/bird E. maxima at 18 days of age and then infected with 10 9 CFU/bird C. 23 perfringens at 23 and 24 days of age. Because coccidiosis and NE induce severe intestinal 1 inflammation (7, 8) , the impact of DCA on chicken NE was investigated. Upper ileum tissue was 2 collected as Swiss Rolls, processed with H&E staining, and performed histopathology analysis. 3 Notably, E. maxima (Em) infection induced severe intestinal inflammation (ileitis) as seen by 4 immune cell infiltration (yellow arrows) into lamina propria, crypt hyperplasia, and mild villus 5 height shortening compared to uninfected birds (Figure 2A ). NE birds displayed worse ileitis as 6 seen by necrosis and fusion of villi and crypt (Green arrow), massive immune cell infiltration, and 7 severe villus shortening. In contrast, DCA diet dramatically attenuated NE-induced ileitis and 8 histopathology score ( Figure 2B ), while CA reduced NE-induced ileitis and histopathology score.
DCA prevents NE-induced intestinal inflammation in chicken ileum
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These results indicate that DCA protects against coccidiosis-and NE-induced severe ileitis. Figure 3B ). To quantify the apoptosis, ImageJ was used to count apoptosis cells (TUNEL, green) 5 and total cells (DAPI, blue). Consistent with histopathology results, DCA reduced NE-induced 6 cell apoptosis ( Figure 3C ). These results indicate that DCA prevents against coccidiosis-and NE-7 induced cell death in intestinal epithelial and lamina propria cells. Figure 4A ), while bird histopathology were 16 distinct between the two groups of birds. We then reasoned that the pathogen invasion into tissue 17 was the main driving factors of NE pathogenesis, but not the pathogen luminal colonization level.
18
To quantify the bacterial invasion, total DNA in ileal tissue was isolated and C. perfringens was 19 measured using real time PCR. DCA attenuated more than 95 % of C. perfringens invasion into 20 ileal tissue ( Figure 4B ). To have a better overview of the bacterial tissue invading distribution, we 21 used a fluorescence in situ hybridization (FISH) technique. We found that while C. perfringens 22 was present deeply in the inflamed villus and crypt lamina propria of NE control birds, the 23 bacterium was barely detectable in the ileal tissue of DCA birds ( Figure 4C ). Because DCA 1 reduced C. perfringens invasion and intestinal inflammation, the impact of DCA on various 2 proinflammatory mediators was evaluated in ileal tissue using Real-Time PCR. C. perfringens 3 induced inflammatory Infγ, Litaf (Tnfα), and Mmp9 mRNA accumulation in chicken ileal tissue, 4 an effect attenuated by 51, 82, and 93%, respectively, in DCA fed chickens ( Figure 4D ). chicken splenocyte cell culture system was then used similarly to previous report (43) . After 23 isolation from chickens, the splenocytes were infected with C. perfringens (MOI 100) for 4 hours. 1 The results showed that C. perfringens increased inflammatory mediators of Infγ, Litaf (Tnfα), 2 Mmp9 and Ptgs2 (protein COX-2) mRNA accumulation by 1.54, 1.69, 1.72 and 8.65 folds, 3 respectively, compared to uninfected splenocytes ( Figure 5A ). Because COX-2 are important 4 mediators in the inflammatory response (31), COX inhibitor aspirin was then used in C. 5 perfringens-infected chicken splenocytes. Interestingly, aspirin failed to reduce C. perfringens-6 induced inflammatory gene expression (data not shown). We then reasoned that COX signaling Although NE has reemerged as a prevalent chicken disease worldwide in the antimicrobial free 3 era (5), the lack of comprehensive molecular mechanism insight into NE severely hinders the 4 development of antimicrobial alternatives to control this disease (44). Many virulent factors of 5 Eimeria and C. perfringens are identified but few findings are effective to control NE in chicken 6 production (9, 45), suggesting that important players/factors in NE pathogenesis were overlooked, 7 such as microbiome and host response. We reported here that microbiota metabolic product DCA 
19
Based on the knowledge, we then reasoned that DCA might prevent E. maxima-and C. 
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Methods
2
Chicken experiment 3 Cohorts of thirteen one-day-old broiler chicks per group were obtained from Cobb-Vantress 4 (Siloam Springs, AR). Chicks were neck-tagged and randomly allocated to floor pens with new 5 pine shavings as litter in an environmentally controlled isolate room suitable for up to biosafety 6 level (BSL) 3 animal experiments. The birds were provided with their respective diet and water ad 7 libitum, and temperature was maintained at 34°C for the first 5 d and was then gradually reduced 8 until a temperature of 23°C was achieved at day 26d of age. The birds were fed a corn-soybean 9 meal-based starter diet during 0-10 days of age and a grower diet during 11-26 days of age. The 10 basal diet was formulated as described before (57). Treatment diets were supplemented with 1.5 11 g/kg CA or DCA or 0.12 g/kg aspirin (all from Alfa Aesar). No antibiotics, coccidiostats or 12 enzymes were added to the feed. E. maxima kindly provided by Dr. John Barta was M6 strain, 13 which was a single oocyst-derived isolate at Ontario Veterinary College in 1973. The E. maxima 14 were propagated in chickens as describe before (58). The recovered oocysts were sporulated as 15 previously described (59). C. perfringens kindly donated from USDA-ARS, College Park, TX (60, 16 61) was confirmed alpha-toxin positive using a multiplex PCR assay (60, 62 ). An aliquot of frozen 17 C. perfringens was grown in TSB plus sodium thioglycolate overnight for the NE challenge study, 18 and was serially diluted and plated on tryptic soy agar plus sodium thioglycolate for enumerating 19 CFU. In previous experiments, birds infected with this aliquot of C. perfringens alone didn't show 20 any signs of NE and had comparable body weight gain to noninfected birds (data not showed). In 21 current experiments, birds were infected with 20,000 sporulated oocytes/bird E. maxima at 18 days 22 of age and 10 9 CFU/bird C. perfringens at 23 and 24 days of age. Chicken body weight and feed 23 intake were individually measured at d 0, 18, 23, and 26 days of age. Bird health status was 1 monitored daily after the pathogen infection. Four birds with average BW of the treatment group 2 were sacrificed at 23 and 26 days of age. Because gross necrotic lesion was often observed in upper 3 ileum in this NE model, the ileal tissue and digesta samples from all sacrificed birds were collected 4 for RNA and DNA analysis. The ileal tissue of ~8 cm length was also Swiss-rolled for H&E 5 staining and histopathology analysis. Images were acquired using a Nikon TS2 fluorescent 6 microscope. Ileal inflammation was scored blindly using the H&E Swiss roll slides (4 slides 7 (birds)/treatment). Briefly, each Swiss roll slide was divided into 4 areas and scored. Total 8 histopathological scores were then calculated by adding the four area scores. The following score 9 scales used were based on previous ileitis (63, 64) and colitis scoring systems (43) Splenocytes were isolated similarly to described previously (42). Briefly, chicken spleen was 19 resected, homogenized into splenocytes using frosted glass slides, and pooled together in RPMI 20 1640 medium supplemented with 2% fetal bovine serum, 2mM L-glutamine, 50 µM 2-21 mercaptoethanol. After lysed the red blood cells, the collected cells were plated at 2 x 10 6 cells/well 22 in 6-well plates. The cells were pre-treated with 1.2 mM aspirin for 45 min. Cells were then 23 challenged with murine INFγ (1μg/ml, Pepro Tech), chicken INFγ (1μg/ml, IBI Scientific), or C. 1 perfringens (multiplicity of infection 100). The cells were lysed in TRIzol (Invitrogen) for RNA 2 isolation after 2 or 4 hours of cytokines or C. perfringens treatment, respectively. were deparaffinized with xylene bath for 3 times and rehydrated with 100%, 95%, and 70% ethanol. blue dots of nuclei were counted as total cells using ImageJ (67) particle analysis and its plugin of 12 Nikon ND2 reader. The results were showed as apoptosis cells per 1,000 total intestinal cells.
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Fluorescence in situ hybridization (FISH) 15 C. perfringens at ileal tissue was visualized using FISH assay similarly to previously described 16 (43) . Briefly, tissue slides were deparaffinized, hybridized with the FISH probe, washed, stained 17 with DAPI, and imaged using a Nikon TS2 fluorescent Microscope system. The FISH probe 18 sequence of Cp85aa18: 5'-/Cy3/TGGTTGAATGATGATGCC-3' (68) was used to probe the 19 presence of C. perfringens similar to a previous report (65). Briefly, deparaffinized, formalin-fixed 20 5 μm thick sections were incubated for 15 minutes in lysozyme (300,000 Units/ml lysozyme; 
